ABSTRACT A novel reconfigurable non-Foster capacitance (NFC) using negative group delay (NGD) circuit is presented in this paper. The NGD circuit is based on a multi-order distributed amplifier which is used to achieve both NGD performance and gain compensation. By introducing shunt and series varactors next to trans-conductance transistors in the amplifier, the characteristic impedance, and electric length of transmission lines in the distributed amplifier can be flexibly tuned. As a result, the gain, phase shift, and negative group delay value of the proposed NGD circuit can be easily controlled as desired, and therefore, the scattering parameters S 21 can be adjusted to match with an ideal NFC, resulting in reconfigurable nonFoster capacitance. The working frequency ranges, equivalent negative capacitance value, and connection modes of the NFC be fully reconfigured by appropriately controlling the voltages applied to the varactors. Both simulation and measurement results were given, which agree well with each other. The experimental results show that the NFC value can be tuned from −1.1 to −2.5pF with 1 GHz center frequency and the working frequency can be tuned from 0.7 to 0.8 GHz with −10 pF shunt NFC.
I. INTRODUCTION
For the wideband signal, the transmission phase is distinct at different frequencies, and this phenomenon is called group delay. Group delay τ (ω) is defined as the slope of the phasefrequency curve, namely
where ϕ(ω) is the phase-frequency response. For the conventional components, the group delay is usually positive but for an NGD circuit, the group delay is negative. The NGD concept was firstly investigated by Brillouin in 1960s while observing wave propagation through different media [1] . Since that, NGD circuits have gained much attention and a series of NGD circuits have been investigated [2] - [12] . The negative impedance converter was used to implement reflective type NGD response for extending the bandwidth of antenna in [13] ; RLC series/shunt network was proposed as an effective method to build NGD cell, and
The associate editor coordinating the review of this manuscript and approving it for publication was Wenjie Feng. high order RLC cells were then applied to achieve NGD performance in wider bandwidth with flat gain in [14] ; The coupled-line structure was applied to implement wideband NGD response by using two reflection resistors in [15] ; Circuits applying directional coupler with resistance loaded at the direct and coupled ports can achieve NGD performance without extra resonators in [16] .
With these in-depth researches on NGD circuits, it has been discovered that equivalent non-Foster (NF) reactive elements can be achieved [17] by adjusting the gain and phase response of an NGD circuit. The NF reactive elements have negative values and should satisfy ∂B NF ∂ω < 0 ∂X NF ∂ω < 0
where B NF is susceptance and X NF is reactance. The NF reactive elements don't obey Foster's reactance theorem, and thus, they usually work as negative capacitance and inductance. The circuit using NF reactive elements can break the limitation of Bode-Fano law, which makes it widely used in antenna's impedance matching [18] - [24] . Typically, NF reactive elements include the non-Foster capacitor (NFC) with negative capacitance and the non-Foster inductor with negative inductance. Among these two types of NF reactive elements, NFC circuits have been used in a variety of applications to improve system performance. For examples, in [25] , a varactor shunt with NFC has been proposed with wider tuning range as compared to the traditional one; in [26] , the NFC helped the amplifier to achieve a wider bandwidth impedance matching; in [27] , the NFC can also improve the efficiency of a class-E power; and in [28] , an NFC was applied at an electrostatic discharge (ESD) protection unit, making the amplifier working in a wider band. Even though NFC has been used in many aforementioned applications, it needs to be noted that most of these NFCs were implemented by using lumped components [29] , which caused large parasitic parameters at high frequency and limited its application. Moreover, the obtained capacitance using lumped components cannot be adjusted flexibly and only affords fixed working frequency and connection type. In [30] and [31] , reconfigurable NFC and matching network are implemented with distributed amplifier structure, however, only the capacitance value was tunable by that structure, restricting the circuit's application.
In this paper, a novel reconfigurable NFC structure has been proposed based on the distributed NGD circuit. By loading series and shunt varactors in the transmission sections, reconfigurable transmission coefficients that are equivalent to an ideal NFC circuit can be obtained. The resulted NFC can be fully reconfigurable either simultaneously or separately in terms of capacitance value, working frequency and connection types. Additionally, the extra NGD cells can be added to extend the bandwidth. Fig. 1 shows the schematic of proposed reconfigurable NFC circuit. It consists of an N th order distributed amplifier with varactors. Port 1 is served as the input port, while Port 2 is the output port. Port3 and Port 4 are dummy ports and are connected to 50 terminals. The transmission sections from Port 2 to 3 are symmetrical to the ones from Port 1 to 4 with respect to the trans-conductance transistors in between. The first NGD cell is composed by a transmission line TL 1 , a shunt varactor C 11 and a transconductance transistor g m1 . For the K th NGD cell (2≤ K ≤ N ), it consists of a transmission line TL K , a series varactor C K 1 , two shunt varactors C K 2 with same value and a transconductance g mK . The last transmission section next Port 3 or Port 4 consists of a transmission line TL 1 and a shunt varactor C 11 , which have same values as in the first NGD cell. All transconductances have the same value, namely, g m1 = g mK = g 0 . To achieve the equivalent NFC, the order of the circuit should be greater than or equal to 2.
II. THE PRINCIPLE OF EQUIVALENT NON FOSTER CAPACITANCE USING DISTRIBUTED NGD CIRCUIT
The transmission section of the first NGD cell is shown in Fig. 2(a) , and it is constructed by a fixed-length transmission line section and a shunt varactor. By tuning the shunt varactor, this transmission section can be equivalent to a reconfigurable transmission line with effective characteristic impedance Z e1 and electric length θ e1 , as shown in Fig. 2(b) . The [ABCD] matrix of the transmission section in the first NGD cell can be calculated as
where Z 1 and θ 1 are characteristic impedance and phase of TL 1 . S 21 can be derivate from (3) as in (4) , as shown at the top of the next page, VOLUME 7, 2019
For the transmission line with characteristic impedance Z e1 and phase θ e1 in Fig. 2(b) , S 21 can be calculated as
Making (4) equal to (5) in both real and imaginary part, the transmission section of the first NGD cell can be equivalent to the transmission line in Fig. 2(b) . The equivalent characteristic impedance Z e1 and electric length θ e1 can be calculated as,
where
The existing conditions are
From (6) and (7), it can be easily found that the Z e1 and θ e1 of the equivalent transmission line can be controlled and tuned by C 11, resulting in a reconfigurable transmission line section. Z e1 is proportional to X 1 , The minimum value of Z e1 is when X 1 = 2.
The transmission section of the K th NGD cell (2≤ K ≤ N ) in Fig. 2 (c) can be also equivalent to a reconfigurable transmission line with effective characteristic impedance Z eK and effective electric length θ eK as given in Fig. 2(d) . The transfer matrix of the transmission sections in the K th NGD cell can be calculated as:
From (11), S 21 of the transmission sections in the K th NGD cell can be calculated as,
Similarly, S 21 of the equivalent transmission line in Fig. 2 (d) can be obtained in the form of (5) with equivalent characteristic impedance Z eK and phase θ eK . By comparing (12) and (5), the equivalent relation between Fig.2 (c) and (d) can be calculated as,
where X REK and X IMK are given in (13) and (14) . For (15) and (16) , the existing conditions are
The minimum value of Z eK is achieved when (18) equals to 0. For proof of concept, a numerical study has been taken based on (6) (7) (15) and (16) to demonstrate the equivalent relationship between the proposed NGD transmission sections and its equivalent transmission lines. Fig. 3 (a) and (b) shows the comparison of real and imaginary part of S 21 , respectively, between the reconfigurable transmission sections in the first NGD cell with different C 11 and the corresponding equivalent transmission lines. As can be observed, by varying C 11 , the transmission sections in the first NGD cell can be reconfigured to be transmission lines with different characteristic impedance and electric length. From the theory above, the circuit in Fig. 1 can be equivalent to the one given in Fig. 4 . According to [32] , the transfer function of the proposed circuit in Fig. 4 can be calculated as
where G K and τ i are the voltage gain and group delay of the K th NGD cell, and their values are related with Z eK , θ eK and trans-conductance g m0 [6] . If the proposed circuit in Fig. 4 can be equivalent to a NFC circuit, the transfer function H NGD (ω) needs to be equal to the transfer function of an ideal NFC as,
where |S 21NFC | and S 21NFC are the amplitude and phase of S 21 of the desired NFC, respectively; τ NFC is the group delay of the NFC. In this equivalent circuit, there are totally 2N -1 unknown parameters (Z e1 ,Z e2 ,...Z eN ) and (θ e2 , θ e3 ,...θ eN ). Note that θ e1 is not counted as an unknown parameter since it is a function of Z e1 , which can be calculated from (6)- (8) by using C 11 . Thus, it will generally require 2N -1 sets of equations to solve all 2N -1 unknown parameters. Since there are only three equations from (20) to (22), addition constrains VOLUME 7, 2019 are needed to solve the unknown parameters for higher order NFC circuit when N≥3. Therefore, auxiliary functions are added to solve the unknown parameters and also ensure that the amplitude and phase of transfer function is consistent with the NFC in a wider bandwidth as,
where S 21NFC (ω) is the response function of the target NFC. (23) and (24) provide two functions for two extra unknown parameters. By this way, all unknown parameters in the equivalent circuit can be solved. Once the unknown parameters are obtained, the required circuit parameters in Fig. 1 can be calculated from (6)- (8), (15) and (16), resulting a desired reconfigurable NFC circuit. A 2 nd order NGD circuit is used as an example to demonstrate the working flow. Firstly, the transfer function of the proposed circuit needs to match with the ideal NFC in phase shift, transfer gain and group delay as (20)- (22) . The phase shift, gain and group delay of the ideal negative capacitance can be completely determined by the capacitance value, connection style and working frequency. Taking a shunt negative capacitance (−C) as an example, its phase shift, transmission gain and group delay can be calculated as [13] ,
From (20)- (22) and (25)- (27) , the three unknown parameters in the NGD circuit can be easily determined with three sets of equations.
It should be noted that there are generally two types of connection configuration for a given NFC, which are shunt −C and series −C, as shown in Fig. 5 . The transmission coefficient for a shunt −C is given in (25)- (27) , while the transmission coefficient and group delay for a series −C is given as
As can be seen from (28) and (29), one can notice that the transmission phase of shunt NFC is positive while the transmission phase of series NFC is negative. Since the magnitude of S 21 for both shunt and series NFC is only determined by the absolute capacitance value of the NFC, thus, if the transmission phase of the proposed NGD circuit can be shifted from negative to positive, the connection types of the given NFC can change from series to shunt, and vice versa.
Once the NGD circuit's S-parameter can match with an NFC, the capacitance value and Q factor can be calculated:
and
The Q factor can be calculated by
Numeric study based on above theory is taken to demonstrate the 2 nd order NGD circuit. The circuit parameters used in simulation and the simulation results are shown in Table 1 and Fig. 6 , respectively. Fig. 6 (a) and (b) shows the amplitude and phase, respectively, of S 21 from an ideal NFC and the proposed NGD circuits. As can be seen, S 21 of the proposed NGD circuit can be tuned to match S 21 (in terms of both amplitude and phase) of the ideal NFC with fixed negative capacitance value of −10 pF when the center frequency is changed. This indicates that the proposed NGD circuit can be used as an NFC having reconfigurable working frequency. In each working state/frequency, the resultant NFC has a band-width of 200MHz, and the working frequency can continuously cover from 0.8 GHz to 1.2 GHz, corresponding to a tuning range of 40%. It can be found that the NGD circuit can be tuned to match the amplitude and phase of S 21 of the ideal NFC with different negative capacitance value at given frequency (1 GHz here), respectively. This indicates that the proposed NGD circuit can be used as a NFC having reconfigurable negative capacitance value, and the negative capacitance of the proposed NFC circuit value covers from −14 pF to −6 pF. Fig. 6 (e) and (f) shows S 21 of the ideal NFC in shunt and series connections, and S 21 of the proposed NFC circuit. It can be observed that the NGD circuit can be tuned to match the amplitude and phase of S 21 of the ideal NFC in both shunt and series connection styles. This indicates that the proposed NFC circuit is reconfigurable between shunt and series connections. Fig. 6(g ) and (h) shows amplitude and phase, respectively, of S 21 with 2 nd order (Ref. state) and 3 rd order (State 6) NFC circuits. As can be found, the bandwidth of the 3 rd order NFC circuits is much wider than the 2 nd order NFC circuit, indicating that the proposed NFC circuit can be increased by increasing the NGD cell order. Fig.7 shows the flow chart of the proposed design. For higher order NFC design, the auxiliary derivative equations can be calculated from (23) and (24), and the same working flow can be used to design the required NFC circuits. The flow chart is an illustration of the adjustable characteristics. In practical design, once the reconfiguration ranges of capacitance value, working frequency and connection mode is determined, the representative central value is usually chosen as the initial value to design transmission line, and then the dynamic adjustment is realized by adjusting the variable capacitor.
III. EXPERIMENTAL RESULTS
To validate the concept, four NFC circuits were fabricated and measured, including a reconfigurable 2 nd order NFC circuit in shunt connection mode, a reconfigurable 2 nd order NFC circuit in series connection mode, a reconfigurable 2 nd order NFC circuit having capability of shunt-to-series transformation, and a reconfigurable 3 rd order NFC circuit in shunt connection mode. Commercial software ADS is applied in the design. The fabricated circuits are shown in Fig. 8 . All circuits are fabricated using 25 mil substrates RO6030 and 2SC5761 transistors from Renesas. The dimension and parameters are shown in Table 2 , where w K and l K are the width and length of the K th order line, C K1 and C K2 (K =1,2,3) are varactors. Direct current (DC) block capacitance value and alternating current (AC) block inductance value are given here for simplification. All transistors share the same bias voltage V CC and V B , ensuring the same g m for every transistor. At transistor's input port, 0.5 pF series capacitor and a network built by shunt 3.9 nH inductor and shunt 3 pF capacitor was set to keep the circuit unconditional stable. The control voltage and DC current for different working conditions are shown in Fig. 9 shows the simulated and measured results of the reconfigurable 2 nd order NFC circuit in shunt connection mode. Simulation agrees well with the measurement. It can be seen that the experimental result is close to the ideal NFC within a 50 MHz bandwidth. By tuning the control voltages on varactors, the center frequency of the NFC can be tuned from 700MHz to 800 MHz with a fixed negative capacitance value of −10 pF, corresponding to a tuning range of 13% which is smaller than the theoretical result in section II. This is due to the limitation of tuning range of the chosen varactors. The equivalent shunt NFCs calculated from S 21 are shown in Fig. 9(c) . The capacitance value error is less than ±0.5 pF in the working bandwidth. The Q factor is larger than 20, as it is shown in Fig. 9(d) . The experimental results demonstrate that by using the proposed NGD circuit, a high Q shunt NFC with reconfigurable working frequency can be obtained. Note that the equivalent NFC value can be also flexibly controlled as will be demonstrated next section in series connection. Fig. 10(a)(b) shows the simulated and measured results of the reconfigurable 2 nd order NFC circuit in series connection mode. Simulation agrees well with the measurement. It can be seen that the measured S-parameter can be adjusted to match with −1.1 pF and −2.5 pF at the fixed center frequency 1 GHz. The equivalent series NFCs which are calculated from the S-parameter are shown in Fig. 10(c) . It can be seen that the capacitance error is less than ±0.3 pF from 970 MHz to 1.02 GHz. The Q factors of different series capacitances are shown in Fig. 10(d) , which are larger than 10. These experimental results demonstrate that the proposed NFC circuit can be equivalent to a series NFC with reconfigurable negative capacitive value. Note that the working frequency can be also controlled as have been demonstrated in shunt connection mode. C. RECONFIGURABLE 2 nd ORDER NFC CIRCUIT WITH SHUNT-TO-SERIES TRANSFORMATION Fig. 11(a)(b) shows the simulation and measurement results of the reconfigurable 2 nd order NFC circuit with shunt-toseries transformation. It can be seen that the reconfigurable transmission phase can cross 0 • while keeping magnitude constant from 680 MHz to 730 MHz, indicating a transformation from series −C of −10 pF to shunt −C of −1.3 pF. Fig. 11(c) and (d) show the calculated NFCs and Q factors. It can be seen that the error is less than ±1 pF and Q is larger than 10. It proves the capability of shunt-to-series connection transformation for the proposed NFC circuit.
B. RECONFIGURABLE 2 nd ORDER NFC CIRCUIT IN SERIES CONNECTION MODE

D. BANDWIDTH EXTENSION WITH A RECONFIGURABLE 3 rd ORDER NFC CIRCUIT IN SHUNT CONNECTION MODE
The above-mentioned NFC's working bandwidth is narrow, typically less than 50 MHz. To increase the band-width, a 3 rd order shunt NFC is fabricated and measured by introducing extra NGD cells. Fig. 12(a) and (b) shows the simulation and experiment results of the 3 rd order NFC circuit. It can be seen that the bandwidth is increased to 100 MHz from 780 MHz to 880 MHz, which is doubled as compared to the 2 nd order NFC circuit given in Fig. 9 . The center frequency of the proposed NFC can be tuned from 830 MHz to 940 MHz and the negative capacitance value can be tuned from −3.8 pF to −10 pF. Fig. 12(c) and (d) shows the calculated NFCs and Q factor. It can be seen that the error is less than ±1 pF and Q is larger than 20. Table IV gives the comparison with the previous works in literature. It can be seen that the proposed work has demonstrated the most flexible tuning capabilities that can have reconfigurable NFC value, reconfigurable working frequency and reconfigurable connection modes simultaneously. Moreover, the resultant NFC in this proposed work has highest Q value.
IV. CONCLUSION
In this paper, an N th order distributed NGD circuit is studied to achieve a fully reconfigurable NFC. The adjustable transmission sections applying varactors are firstly studied to achieve the equivalent transmission lines with tunable characteristic impedance and phase. Using this structure, the gain, phase, and group delay response of the circuit can be consistent with an ideal NFC in a certain bandwidth. The proposed NGD circuit can accomplish the reconfigurable performance in capacitance value, working frequency and connection style at the same time or separately. Moreover, extra NGD cells can help to extend the effective bandwidth. Experiments have been given to verify the proposed theory.
